Introduction: Choosing a safe gap in which to cross a two-way street is a complex task and only few experiments have investigated age-specific difficulties. Method: A total of 18 young (age 19 35), 28 younger old (age 62 71) and 38 older old (age 72-85 years) adults participated in a simulated street-crossing experiment in which vehicle approach speed and available time gaps were varied. The safe and controlled simulated environment allowed participants to perform a real walk across an experimental two-way street. The differences between the results for the two lanes are of particular interest to the study of visual exploration and crossing behaviors. Results: The results showed that old participants crossed more slowly, adopted smaller safety margins, and made more decisions that led to collisions than did young participants. These difficulties were found particularly when vehicles 
Introduction
Deciding when it is safe to cross a street in relation to available traffic gaps is a complex everyday task involving several functional abilities known to decline with aging (Knoblauch, Pietrucha, & Nitzburg, 1996; Salthouse, Atkinson, & Berish, 2003; Snowden & Kavanagh, 2006) . Age-related declines in perceptual, cognitive, and physical abilities have been shown to result in non-optimal street-crossing decisions and behaviors (Dommes & Cavallo, 2011; Dommes, Cavallo, & Oxley, 2013; Dunbar, Holland, & Maylor, 2004) and may contribute to the high rate of fatal or serious-injury crashes found for old pedestrians (ONISR, 2011) .
Since the 90's, an increasing number of studies have been examining the characteristics of pedestrians (such as age) and/or the traffic environment (such as the number of lanes and the speed of approaching cars) likely to raise the risk of a pedestrian being involved in an accident when crossing the street. The pioneer observational study by Oxley et al. (1997) showed that the higher number of unsafe street crossing decisions among pedestrians over 65 years of age occurred mostly in complex traffic situations such as two-way undivided streets, whereas their street-crossing safety improved significantly in less complex situations such as one-way streets. As shown in a French accident study, old pedestrians are more likely to be hit during the second half of the crossing, i.e., on the far side of the road (Fontaine & Gourlet, 1997) . Dunbar (2005 Dunbar ( , 2012 analyzed road-accident data from Great Britain but obtained different findings by observing an especially high risk of accidents among the oldest pedestrians on the near side of the street.
Although age-specific difficulties handling traffic approaching from several directions are worth investigation in view of making older pedestrian street-crossing safer, only a few papers have studied them experimentally. This is the aim of the present study. To our knowledge, some rare observational studies (Oxley et al., 1997; Zhuang & Wu, 2011 , 2012 and accident analyses (Fontaine & Gourlet, 1997; Dunbar, 2012) have been dedicated to old pedestrians in two-way road traffic situations but faced up to difficulties when attempting to specifically examining the role of precise traffic-or pedestrians-related characteristics because they were conducted in real-life situations where these factors could not be experimentally manipulated.
Although laboratory studies are unlikely to give a perfect assessment of the frequency of unsafe choices in the real world (Holland & Hill, 2010) , they are helpful in controlling factors such as traffic. To our knowledge, there are only two experimental studies about two-way street crossings, but they used judgment tasks where participants indicated their choices by pressing a response button (Dommes et al., 2013) or taking one step forward (Holland & Hill, 2010) . In these studies, the pedestrians did not carry out a crossing task, so the actual behaviors in each of the two lanes of the street (such as walking speed, acceleration, and safety margin) could not be studied. However, the Holland and Hill (2010) study revealed an interesting finding which we propose to further examine here using a task that allows for an actual two-way crossing: looking at the far lane immediately before stepping out was associated with safer road-crossing choices, and this behavior was executed the least often by old pedestrians. The authors assumed, in accordance with Oxley et al. (1997) and Fontaine and Gourlet (1997) , that old adults have trouble taking into account the far side of the road before beginning to cross and are thus more often involved in far-lane collisions than younger pedestrians are. But because the participants were not actually walking, the old pedestrians could not compensate for the selection of incorrect gaps by walking faster. Moreover, participants were watching videos of real approaching cars, so characteristics of the traffic environment like speed could not be studied, even though these characteristics are known to be an important risk factor in aging pedestrians.
Most experimental studies on old pedestrians concern one-way crossings (Lobjois & Cavallo, 2007 , 2009 Lobjois, Benguigui, & Cavallo, 2013; Oxley, Ihsen, Fildes, Charlton, & Day, 2005) . As in observational studies, old adults are found to adopt shorter safety margins, especially when the speed of the approaching vehicles is high, with more unsafe decisions at higher speeds than lower speeds in simulated one-way traffic environments. Most likely because of diminished perceptual and cognitive abilities (Dommes & Cavallo, 2011) , old people appear to use simplifying heuristics based primarily on the distance of the approaching car instead of on the time gap, which young pedestrians appear to use (Lobjois & Cavallo, 2007 , 2009 Oxley et al., 2005) . Because an approaching vehicle is farther away at a high speed than at a low one for a given available time gap, older people more often decide that it is safe to cross, walk more slowly, and choose to cross in shorter safety margins when the speed of the approaching vehicle is high. The use of distance-based heuristics is related to an overestimation of the available time and thus to very dangerous crossing behaviors. The misperception of time-to-arrival in older adults has even been shown to be a predictor of unsafe crossings in one-way traffic situations (Dommes & Cavallo, 2011) .
The aim of the present study was to gain a better understanding of the risk factors that heighten the probability that old pedestrians will be involved in a collision when crossing a two-way street. The present study experimentally investigates the effects of age, time gap availability in each lane, and speed of approaching cars, in a safe and controlled simulated environment where participants walk on an experimental two-way road. Differences in the results for the two lanes are of particular interest to the study of looking and crossing behaviors. Because of age-related perceptual, cognitive, and motor limitations, and in line with Oxley et al. (1997) as well as Fontaine and Gourlet (1997) , old pedestrians are expected to experience more difficulty than young pedestrians in selecting safe gaps in the far lane of traffic and in compensating for risky decisions by increasing their walking pace during crossing. According to earlier works (Lobjois & Cavallo, 2007 , 2009 Oxley et al., 2005) , a higher number of unsafe crossings as speed increases should also be observed in old pedestrians.
Method

Participants
A total of 84 participants took part in the experiment: 18 young adults ranging in age between 19 and 35 years (M = 29.17, SD = 4.73), 28 younger-old adults ranging between 62 and 71 years (M=68.11, SD=2.41), and 38 older-old adults ranging between 72 and 85 years (M = 75.68, SD = 3.31). The younger-old and older-old groups were respectively below and above the median age (72 years old) and the mean age (72.5) of all old participants. The young group was comprised of 8 women and 10 men, the younger-old, of 22 women and 6 men, and the older-old, of 28 women and 10 men.
All participants had normal or corrected-to-normal binocular visual acuity (at least 6/10, Ergovision, Essilor®). Walking speeds were also measured 1 . Older-old participants (M=1.21 m/s, SD=0.15) and younger-old participants (M=1.23 m/s, SD=0.14) walked more slowly than young participants (M=1.57 m/s, SD=0.09); these walking speeds are in accordance with several field studies (see e.g., Knoblauch et al., 1996) . Participants in the older groups specifically took the MMSE test (Folstein et al., 1975) to ensure the absence of pathological aging symptoms. All were in good health (screened by self-report), were living at home, and went out regularly without help. The study was approved by the institutional ethics committee.
1 Walking speed over a distance equivalent to the width of the simulated street (5.70 meters materialized on the ground by two markers) was measured in the simulator room (but with no virtually approaching cars) on six trials at a normal to fast walking pace.
Experimental setup
The street-crossing simulation device included a portion of a real experimental street (5.7 m wide, indicated by continuous grey markings on the floor, used also to demarcate the edge of the flat virtual sidewalks), an image-generation system, a rear-screen projection system, a 3D sound-rendition system, and a movement recording system. The visual scenes were projected on ten screens (2.55 m high and 1.88 m wide) forming a corridor in which the pedestrian could walk up to 7 meters (see Figure 1) . The setup provided the pedestrian with a horizontal visual field between 180° (at the starting point of the crossing) and 300° (in the middle of the street and at the sidewalk on the other side), and a vertical visual field of 40°.
The pedestrian's initial position was such that s/he could watch the traffic coming from both directions by turning her/his head to the left or right (see Figure 1 ). S/he was standing at the edge of a sidewalk, facing the experimental street, and had to walk to the other side of the street when s/he thought it was safe to do so. The images (60 frames per second) were calculated and projected at the participant s eye height. Scenes were updated interactively by a movement-tracking system (Vicon®) that recorded the participant s locomotion (submillimeter accuracy) and head motion.
[
FIGURE 1]
The visual scenes represented a two-way street 5.70 meters wide sidewalk-to-sidewalk.
Traffic consisted of groups of motorcycles and cars (between 5 and 10 vehicles). The direction of the traffic followed the French traffic rules: on the near-side lane, the flow of vehicles was approaching from the left of the pedestrian standing on the sidewalk. Vehicles in the far lane were approaching from the right.
Procedure and experimental task
Participants were tested individually on the street-crossing simulator. For each trial, they had to judge whether the available gaps in the approaching traffic where suitable for crossing the street. They were instructed to choose traffic gaps in which they could cross the entire two-way street without running and/or stopping in the middle of the street. If they thought it was safe to do so, they were instructed to cross. Otherwise they waited for the next trial. The participants decision to cross or not to cross, and their motion until they reached the opposite sidewalk were recorded.
The experimenter began the session by describing the basic principles of the street-crossing simulator. Then the participant performed a maximum of 18 practice trials. The practice trials were stopped when the participant was comfortable and fully understood the task. The participant then performed the experimental street-crossing task composed of 2 blocks of 18 trials.
Vehicle speed (40 or 60 km/h) and time gap between two target cars in each of the two traffic flows (from 1 to 5 s, in 1-s increments) were varied. Table 1 describes the manipulated time gaps between the two target cars. These gaps were always synchronized and thus simultaneously available in both lanes. The time gaps always appeared 6 s after the onset of the trial, providing a view of the traffic scenes for 6 s before participants could cross (see Figure 1 ). All other vehicles in the traffic groups were separated by about 1.5 s so that participants could not cross between them. The 17 time-gap combinations (see Table 1 ) and the 2 speeds of approaching cars resulted in a total of 34 trials. They were presented in random order in 2 blocks, with a break between the blocks. one time gap combination (3 s in each lane) was repeated to make the link between the two blocks, making a total of 36 trials.
The street-crossing task took about 30 minutes to complete.
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Data analysis
Six measures were considered. The first was accepted crossings, and the other five were derived from the movement-tracking system and measured head movements and distance travelled.
-Accepted crossings: trials were scored as to whether the participant did or did not accept the available gaps for crossing the street.
-Number of looks: the number of looks in the direction of each lane were counted before the participant began to cross.
-Looking time: the time spent looking at traffic approaching in each lane of the two-way street was measured before the participant crossed the street.
-Collisions: a crossing was scored as a collision when the participant was virtually hit by the approaching car: s/he was in front of the approaching car (within the width of the front end of the car) when it passed the crossing line. This variable was calculated for the near and the far lanes of the two-way street and was expressed as percentage of the total number of crossings accepted by the participant.
-Crossing time: crossing time was calculated for each crossing performed (without leading to a collision) and each lane of the two-way street. Crossing time for the first lane was equal to the time between when the participant started to walk and when s/he had finished crossing that lane (i.e., in the middle of the street); crossing time for the far lane was equal to the time between when the participant was in the middle of the street and when s/he arrived the opposite sidewalk.
-Safety margin: safety margin was calculated for each crossing and each lane of the street.
Safety margin was measured as the time between when the participant had gone past the path of the approaching car (width of the front end of the approaching car) and when the front end of the car reached the crossing line. In other words, safety margin was the time left before a collision.
Accepted crossings were analyzed through logistic regressions. The other five behavioral indicators were entered into a multivariate analysis of variance (MANOVA). MANOVA is a more appropriate analysis than independent ANOVAs for cases where there is a moderately high correlation between the dependent variables (Tabachnick & Fidell, 1989) . The significance level was set at .05. Wilks multivariate statistic was used. Wilks lambda ranges from 0 to 1; the lower it is the more the given effect contributes to the model. The partial eta-squared statistic ( 2 p ) was used as an index of the relative effect size. Effects found to be significant in the MANOVA were tested against each of the dependent measures using univariate analyses. Fisher LSD post-hoc tests were performed to determine the source of the significant effects.
Results
Crossing decisions
The participants responses are plotted in Figure 2 as a function of age group and the time gap available in each lane.
[ predicting the old participants' decision to cross the two-way street.
Crossing behaviors
The 3 (age groups: young, younger-old, and older-old participants) Figure 3) , they made significantly more decisions that led to collisions with an approaching car (see Table 2 ). Crossings were slower and less safe than among young participants (see Tables 3 and 4) . Whereas older-old participants had more collisions than younger-old participants, there were no significant differences between the two groups of old participants in looking time, crossing time or safety margin.
[ Figure 3) . Participants had more collisions mostly in the far lane than in the near lane (see Table 2 ). Participants seemed to have tried to avoid imminent danger in the far lane because crossings were faster and less safe in the far lane than in the near lane (see Tables 3 and 4) .
The multivariate main effect of speed was also significant, =. km/h than at 40 km/h (see Table 2 ). Participants did not seem to be aware of the fast arrival of the approaching car, because crossing times were longer and safety margins shorter at 60 km/h than at 40 km/h (see Tables 3 and 4 ). Figure 3) . Both old groups obtained many more collisions on the far lane than on the near lane, whereas the percentage of collisions did not vary significantly by lane among the young group of participants. Indeed, significant age-related differences were observed only in the far lane, where both groups of old participants had more collisions than did young participants, and the older-old had significantly more collisions than the younger-old. Post-hoc tests indicated significant lane differences between the three groups of participants, for both crossing time and safety margin. Interestingly, post-hoc test results indicated that young participants crossed the far lane significantly faster than did younger-old and older-participants, whereas no age-related differences were found in the near lane. By walking faster, maybe young participants tried to avoid potential collisions in the far lane, whereas older ones could not avoid them because of their limited ability to increase their gait.
In fact, the age-related differences in safety margin were significant only in the near lane, where both groups of old participants adopted smaller safety margins than young participants did. In the far lane, the young participants had safety margins that were as small as the younger-old and older-old margins (p=.54 and p=.95), but they avoided many more collisions than the older ones did.
The multivariate interaction between age group and speed was also significant, =.77, 11. Whereas no significant group differences appeared in the far lane, age-related differences were observed in the near lane only at 60km/h, where older-old participants adopted smaller safety margins than younger-old and young participants did. In contrast, group differences were not significant at 40 km/h in the near lane.
Discussion
The present study was aimed at investigating the effects of age, available time gap in each lane, and speed of approaching cars on the way a pedestrian chooses a gap during which to cross on a two-way street. The differences between the results for the two lanes are of particular interest to the study of visual exploration and crossings behavior.
In line with previous research using estimation tasks (Dommes et al., 2013; Holland & Hill, 2010) or with accident and observational data collected in real-world environments (Fontaine & Gourlet, 1997; Oxley et al., 1997) , the situation of two-way street crossing proved to be a particularly difficult task for old adults. Older-old pedestrians ages 72 to 85
were found to make street-crossing decisions that led to collisions with approaching cars more often than younger-old (ages 62 71) and young (ages 19 35) participants. This age effect is also in line with the French crash statistics (ONISR, 2011) indicating that people over 75 make up the most vulnerable pedestrian group, accounting for more than 37% of fatalities although representing less than 9% of the population. Younger-old and older-old participant groups were also found to cross more slowly and to use smaller safety margins than young participants. This result corroborates those previously obtained in experimental one-way traffic studies using similar behavioral indicators to assess street crossing (Dommes & Cavallo, 2011; Lobjois & Cavallo, 2007 , 2009 ).
Also in line with real-world observations and accident studies (Fontaine & Gourlet, 1997; Oxley et al., 1997) or with analyses conducted on real traffic scenes (Holland & Hill, 2010) , the results of the present experimental study showed that the old groups' difficulties occurred mostly in the far lane of the two-way street. Biased decision-making favoring the nearer lane was observed: both groups of old participants looked more often and longer at the near lane than at the far lane, and regression analyses showed that they based their crossing decisions much more often on the gap available in the near lane, while neglecting the gap available in the far lane, contrary to the young pedestrians who considered both gaps in both lanes to decide whether or not to cross the two-way street. Old pedestrians tended to step into the street when only the near lane was safe: out of the 3024 decisions made by the 84 participants, 128 led to a collision, 65% of which were made by old participants in situations where the time gap was sufficient for them in the near lane (3, 4, or 5 s) but too short in the far lane (2 s). Because old pedestrians mainly checked traffic approaching in the near lane before starting to cross, they could find out when reaching the middle that cars approaching from the opposite direction were too close. Even if they became aware of this, these non-optimal choices could not be compensated for by walking faster due to the declines in physical abilities (see e.g., Salzman, 2010) . When required to change from walking at preferred speed to walking quickly, old people have been shown to fail to achieve the same increases in speed and stride length relative to the increases achieved by young adults (Shkuratova, Morris, & Huxham, 2004) . These motor difficulties could have led in the present experiment to collisions on the far side of the street for old pedestrians in particular.
It can be assumed that the observed visual exploration strategies and the ensuing crossing behaviors reflect diminished functional abilities. Because of perceptual and cognitive declines (see e.g., Ball, Owsley, Sloane, Roenker, & Bruni, 1993; Poulter & Wann, 2013; Salthouse, 1996 , Salthouse et al., 2003 , old pedestrians may not be able to process all information in the visual scene and so may consider only the closer scene when making their decision to cross a two-way street. Given their fear of falling (e.g., Scheffer, Schuurmans, Van Dijk, Van der hooft, & De Rooij, 2008) and their need to keep their balance during walking (Woollacott, & Tang, 1997) , they also seem to allocate more attention to watching their steps as they cross, causing them to at least partly disregard the approaching traffic (Avineri, Shinar, & Susilo, 2012) . At signal-controlled intersections, old pedestrians have even been shown not to look at the traffic at all (Job, Haynes, Prabhakar, Lee & Quach, 1998) . Such an inadequate visual exploration strategy was also partly observed here in the non-signal-controlled crossings of the present experiment. There is evidence that old pedestrians often expect drivers to adapt to them (Dunbar et al., 2004) .
Some difficulty handling the far lane were also observed in the young pedestrians, although not as numerous or serious as in the old participants because young people can compensate for some rare non-optimal choices by speeding up. Although lane differences
were not observed in terms of collisions for young participants, they exhibited safer behaviors in the near lane and difficulty on the far lane in terms of hasty crossings and small safety margins.
The far-lane difficulties of older adults found in the present experiment are inconsistent with Dunbar's (2005 Dunbar's ( , 2012 epidemiological analyses. This discrepancy can be explained by important age differences in the pedestrian samples studied, insofar as Dunbar found a high risk of near-side accidents in very old pedestrians over 85 years of age. In line with the idea that cognitive declines increase with age, the decision-making of very old pedestrians (over 85) can no longer be accurate and lead to collisions right from the near side of the street for the oldest pedestrians (Dunbar, 2005 (Dunbar, , 2012 or among people with Alzheimer's disease (Gorrie, Brown, & Waite, 2008) . In contrast, the results of the present study suggest that decision-making is only slightly affected in younger-old pedestrians under age 85, with biased decisions favoring the near-side lane and thus collisions and behavioral difficulties mostly in the far lane. The question of near-versus far-side collisions among young and old pedestrians deserves further study in experiments involving a group of pedestrians over 85 years of age.
The old participants in the present experiment were also found to have difficulty safely handling situations where vehicles were approaching at a high speed. As a whole, they made a greater number of decisions that led to collisions when cars were approaching at 60 km/h than at 40 km/h. Risky crossing decisions at the high approach speed were particularly observed in the near lane, most likely because the far lane was not taken into account by old participants.
This effect of vehicle speed has been systematically observed in earlier studies using one-way traffic (Lobjois & Cavallo, 2007; Oxley et al., 2005) and interpreted as the use of simplified heuristics based on vehicle distance and a neglect of speed information.
Conclusions
The results of the present study brought out a greater risk of being involved in a collision for old pedestrians than for younger adults when crossing a two-way street. The most notable finding concerned to the high number of non-optimal decisions by old pedestrians with respect to the far lane. The most risky situation was when the near lane provided a safe gap for crossing but the far lane did not, because old pedestrians mainly checked for vehicles approaching in the near lane before crossing and could sometimes reach the middle of the street without looking at the far-side traffic at all.
Together with the use of simplifying speed-neglecting heuristics often reported in the literature (Lobjois & Cavallo, 2007 , 2009 Oxley et al., 2005) and also observed in the present experiment, the inadequate visual exploration strategies of older adults point to a substantial cognitive overload in the demanding situation of two-way street crossing. According to previous studies, this overload may be mainly related to attention deficits and reduced processing speed, both shown to predict unsafe crossing decisions by old pedestrians in oneway or in two-way situations (Dommes & Cavallo, 2011; Dommes et al., 2013) . Because sensorimotor performance becomes cognitively more demanding with advancing age (Lindenberger, Marsiske, & Baltes, 2000; Woollacott, & Shumway-Cook, 2002) , the control of posture and gait while walking could also contribute to the too high attentional requirements of the two-way street-crossing task for old pedestrians, who suffer from limited attentional resources.
One of the most interesting results of the present experiment is that old people appear to be unable to compensate for these non-optimal and dangerous choices by speeding up. The higher crash risk of old pedestrians could actually be the result of two parallel difficulties (i) biased decisions (toward the near lane and the distance of approaching cars) and (ii) little possibility of compensation by walking faster. Beyond the well-known motor decrements with aging (see e.g., Shkuratova et al., 2004) , the absence of compensation of decision making difficulties by walking quickly could also be linked to the need of old people to visually control their gait and balance, impeding them therefore to observe the approaching traffic while walking. Several papers clearly show that old people need to watch their steps to avoid a fall while walking (see e.g., Avineri et al., 2012) and this sensorimotor performance prioritization could be even at the cost of any other performance (see e.g., Shumway-Cook, Woollacott, Kerns, & Baldwin, 1997 ).
The present findings could contribute to defining specific road-safety measures that could be implemented to counteract the difficulties of old pedestrians. One measure would be to increase the number of marked and/or signaled crossings (e.g., zebra, pelican and puffin crossings) and to make longer crossing-time allowances. Car-free islands in the middle of two-way streets could also considerably help old pedestrians cross the street. Islands lower their exposure to potential collisions by decreasing the time spent in the street, while also lightening the cognitive load of the street-crossing task by splitting it into two stages. Such islands mostly provide a safe place to pause in the middle of the street and allow pedestrians to visually explore the far side of the two-way street. Moreover, car-speed reduction measures are clearly important for pedestrian safety and are also recommended. Measures such as lowering speed limits in areas of high pedestrian activity should be considered.
The present findings also raise the question whether training programs are a route worth exploring as a supplement to the above safety regulations and pedestrian-friendly infrastructure measures. A possible effective approach could be to offer mixed behavioral and educational training, as already demonstrated for improving the safety of older adults in oneway street-crossing situations Dommes, Cavallo, Vienne, & Aillerie, 2012) . 
